Interfacial moments of an antiferromagnet are known for their prominent effects of induced coercivity enhancement and exchange bias in ferromagnetic-antiferromagnetic exchange-coupled systems. Here we report that the unpinned moments of an antiferromagnetic face-centered-cubic Mn layer can drive the magnetization of an adjacent Fe film perpendicular owing to a formation of intrinsic perpendicular anisotropy. X-ray magnetic circular dichroism and hysteresis loops show establishment of perpendicular magnetization on Fe=Mn bilayers while temperature was decreased. The fact that the magnitude of perpendicular anisotropy of the Fe layer is enhanced proportionally to the out-of-plane oriented orbital moment of the Mn unpinned layer, rather than that of Fe itself, gives evidence for the Mn unpinned moments to be the origin of the established perpendicular magnetization.
Antiferromagnets, a class of magnetic materials with rich physics and potential application had been underestimated for a long time in history because of lack of macroscopic magnetization and insensitivity to the external magnetic field. The revival has been made upon placing it next to a ferromagnet [1] [2] [3] [4] , where the effects of induced coercivity (H c ) enhancement and exchange bias can be applied to the design of magnetic logic devices like the spin valve, for ''pinning'' the magnetization of a magnetic reference layer under magnetization switching of a magnetic storage layer [5] . Based on research efforts in the last few years [6] [7] [8] [9] [10] [11] [12] , H c enhancement and exchange bias have been understood to be correlated with the so-called ''unpinned'' and uncompensated ''pinned'' moments of an antiferromagnet close to the interface, respectively.
However, recent discoveries make the antiferromagnet even more fascinating. It has been found that a single crystalline antiferromagnetic (AFM) fcc Mn ultrathin film can change the magnetization of adjacent ferromagnetic (FM) layers from the in-plane to the out-of-plane direction [13] . This finding could be extended, by choosing suitable FM layer and tuning the thickness of both FM and AFM layers, to the application of a precise control of perpendicular anisotropy of magnetic storage layers within the soft magnetic regime [14] , and therefore benefits the design of perpendicular-based spintronic device utilizing state-of-the-art spin-transfer torque [15] [16] [17] . More importantly, this finding shows essential aspects of magnetism of antiferromagnets that have not been explored.
In this Letter, by monitoring the magnetic moments with element resolution, we perform experimental evidence to unveil the AFM nature that induces the perpendicular magnetization of an adjacent FM layer. We show a formation of perpendicular anisotropy through the unpinned moments of the Mn layer at the interface, which drives the magnetization of the adjacent Fe layer from the in-plane to the perpendicular direction. This finding provides renewed functionality for the interfacial moments of the AFM layer that has for a long time primarily been known to be responsible for H c enhancement and exchange bias phenomena.
The magnetic ultrathin films were prepared in a UHV NTU-NSRRC nanomagnetism preparation chamber with a base pressure of 2 Â 10 À10 Torr. The Cu 3 Auð001Þ single crystal with 0.1 miscut was used as the substrate, in which the preparation procedure is described in previous reports [13, 18] . The ultrathin Fe=Mn films were deposited on Cu 3 Auð001Þ at room temperature, and the growth rates were monitored by medium energy electron diffraction [18, 19] . The structure of the films was characterized by low energy electron diffraction (LEED) and LEED I-V measurements. The result suggests that significant structural effects on the magnetic properties of Fe=Mn bilayers can be excluded [13] .
Element-resolved magnetic domain images (Fe and Mn) of bilayers were measured in situ by photoemission electron microscopy (PEEM) utilizing x-ray magnetic circular dichroism (XMCD) effect at beam line BL05B2 of NSRRC in Hsinchu, Taiwan. As described in previous studies [13, 19] , the magnetic information of individual elements can be obtained from the asymmetry of the XMCD curve at the L 3;2 absorption edges. Combining XMCD and PEEM, the full-field view of the emitted secondary electrons from the magnetic sample can be resolved by a multichannel plate and recorded by a CCD camera. The contrast normalization is achieved by doing imaging calculation on the two full-field images, taken at the Fe (or Mn) L 3 and L 2 edges, respectively [19] . In the present Letter, the magnetic imagings were performed in the as-grown condition and at 120 K. For measuring the XMCD curves and element-specific magnetic hysteresis loops, the samples were transferred to the XMCD measurement chamber at beam line BL11A1 of NSRRC under UHV conditions, by a small mobile UHV chamber. The XMCD curves for sum-rule analysis were derived from the L 3;2 -edge x-ray absorption spectra measured at AE2600 Oe with a fixed incident x-ray polarization $78% in total electron yield (TEY) mode. The element-resolved hysteresis loops were acquired by recording the magnetic asymmetry at L 3;2 edges in x-ray absorption spectra with variation of magnetic field. The geometries for both XMCD curve and hysteresis loop measurements (at both in-plane and out-of-plane directions) are described by the illustrations of Fig. 1 .
A brief introduction for the magnetic properties of Fe=Mn bilayers is presented first. Figure 1(a) shows the hysteresis loops of the 6 ML Fe=Mn bilayers contributed by the Fe layer. The magnetization of the Fe film aligns in the in-plane direction as the Mn film thickness (t Mn ) at low coverage, and then changes to the out-of-plane direction as t Mn is increased. This presents a phenomenon of in-plane to out-of-plane spin-reorientation transition (SRT) which is consistent with data reported previously [13] . The SRT can also be achieved by varying temperature. respectively. The enhanced thermal stability of the perpendicular magnetization (from T a SRT to T b SRT ) with an increase of t Mn could originate from the finite-size effect of AFM ultrathin film [13, 20] . A dramatically enhanced H c for the perpendicular magnetic films at low temperature is in sharp contrast to the finding of only slightly enhanced H c in inplane magnetic Co-capped 6 ML Fe=7, 10 ML Mn bilayers [21] . This indicates a well-established out-of-plane-oriented exchange coupling between Fe and Mn layers.
The investigation of magnetic properties of the Mn layer was first performed by the magnetic domain imaging with XMCD-PEEM. For the 6 ML Fe=6 ML Mn bilayer as shown in Figs. 2(a) and 2(b), the Mn layer reveals net FM moments with its domain boundary the same as to the Fe layer. Since no FM characteristic was observed for the Mn layer alone, the presence of long range FM ordering on the Mn layer could be induced by a direct exchange coupling with the adjacent FM layer [7] [8] [9] [10] [11] [12] 22] . The finding of the opposite magnetic asymmetry between the Mn and Fe moments indicates a preference of antiparallel type exchange coupling [23] . To further clarify the characteristics of the present Mn moments and its correlation with the Fe moments, measurements of element-specific hysteresis loops with temperature dependence were performed. exchange coupling as obtained from magnetic imaging [ Fig. 1 ]. Figure 3(a) shows the H c of both elements for the 6 ML Fe=8 ML Mn bilayer as a function of temperature. As demonstrated by the selected hysteresis loops in Fig. 3(b) , the Mn moments show nearly the same H c with the Fe moments at various temperatures. This reveals itself as the unpinned moments or rotatable moments of the AFM Mn layer close to the FM-AFM interface [7] [8] [9] . Inspired by the previous works demonstrating that the interfacial moments of AFM layer in a FM/AFM bilayer are crucial for the exchange bias or coercivity enhancement [7] [8] [9] , the Mn unpinned moments in the present case are also expected to be associated with the phenomenon of an established perpendicular magnetization of the Fe film in the Fe=Mn bilayers. According to prior works [27, 28] , the magnetic anisotropy of a low dimensional magnetic thin film is usually given by the crystalline anisotropy originating from the spacial anisotropy of the orbital moments. For a magnetic system with strong uniaxial crystalline anisotropy, the magnitude of crystalline anisotropy is linked with the ratio of orbital to spin moments in the magnetic easy direction [21] . This information can be obtained by analyzing the XMCD curves with the well-developed XMCD sum rules [29] [30] [31] . In the present case, the same approach is applied to probe the crystalline anisotropy of both Mn unpinned moments and Fe moments for a detailed understanding of the characteristic of Mn unpinned moments and clarifying the origin of an established perpendicular magnetization in the Fe=Mn bilayers. spin ratio of Mn and Fe moments, respectively, calculated by P and Q values according to the formula shown in inset of (f) [29] [30] [31] 33] . In (c), the red dashed line indicates the H c of 6 ML Fe=8 ML Mn bilayer measured for the out-of-plane direction.
141 K, respectively. The P and Q values given by the integration of XMCD curves (red or gray solid lines) in L 3 and L 3 þ L 2 regions indicate the sum of magnetic asymmetry in both regions, respectively. With the assumption of a negligible magnetic dipole operator term in the spin sum rule [29, 30] which is small for 3d metals [32] , P and Q values can be used to calculate the ratio of orbital to spin moments according to the formula of m ? orbital =m ? spin ¼ 2Q=ð9P À 6QÞ [31] , and obtain the information of crystalline anisotropy. Since the XMCD curves in the present Letter were measured in the condition of flipping magnetization but fixed photohelicity of circular polarized x ray, in the case of Mn element, the calculated orbital to spin moments ratios are thus contributed only by unpinned moments of Mn layer. Figure 4(c) shows the orbital to spin ratio of the Mn unpinned moments at various temperatures [33] . The significant enhancement of the ratio with a decrease of temperature indicates an establishment of perpendicular crystalline anisotropy for the Mn unpinned moments [21] . Within the same temperature range, however, the ratio for the Fe moments in Fig. 4(f) remains a similar value. This indicates the perpendicular crystalline anisotropy of the Fe film is nearly invariant, and its major contribution to an established perpendicular magnetization can therefore be excluded. Thus, according to the finding of similar temperature-dependent tendency between the perpendicular H c (red dashed line) and m To further confirm the origin of an established perpendicular magnetization in Fe=Mn bilayer, the quantitative value of crystalline anisotropy energy (K cry ) of the Mn unpinned moments was calculated according to the prior theoretical works [27, 28] . As described in detail in the Supplemental Material [21] , a K cry of about 3:85 AE 0:50 meV=atom was obtained for the 6 ML Fe=8 ML Mn bilayer at 141 K (assuming all the Mn unpinned moments at interface). The total perpendicular anisotropy energy of Mn unpinned moments that includes the shape anisotropy (À 0:53 meV=atom) was estimated to be 3:32 AE 0:50 meV=atom. This energy value is found to be close to the enhanced anisotropy energy of the perpendicular magnetization of the Fe film (about 3:02 AE 0:65 meV=atom) simulated via Néel type phenomenological magnetic anisotropy model in previous work [13, 35] . This further gives evidence that the anisotropy of the Mn unpinned moment to be the origin of an established perpendicular magnetization of the Fe film in the Fe=Mn bilayers.
The presence of perpendicular crystalline anisotropy on the Mn unpinned moments is expected to originate from the AFM ordering of the fcc Mn layer. Even though a direct measurement on the AFM spin configuration of the fcc Mn layer has not been achieved so far, Hafner and Spišák found spin spiral solutions at the X and L points for a free standing fcc Mn layer [36] . The latter solution, which corresponds to the [111]-layered AFM structure, confirms a possible existence of perpendicular crystalline anisotropy on the interfacial spin moments of the fcc Mn layer. Nevertheless, a [111] layered AFM structure may imply a compensated AFM spin order at [001] surface. Therefore, combining the present experimental finding of unpinned moments with perpendicular crystalline anisotropy and the theoretical result yields an interesting possibility that the interfacial Mn moments may keep their perpendicular crystalline anisotropy inherent from the bulk AFM ordering of the fcc Mn layer, even though a long range ferromagnetic ordering (i.e., unpinned moment) can be induced by the adjacent FM layer. This speculation is actually consistent with the finding on the interfacial unpinned moments of Co=FeF 2 bilayer reported previously [9] .
On the other hand, although the established perpendicular magnetization of the Fe film is attributed to the unpinned moments of the Mn layer at Fe=Mn interface, according to our previous work [13] , its magnitude can be supported by the underlying pinned moments of the Mn layer, following the finite-size tendency [20] . To our knowledge, these pinned moments can usually be classified into the ''compensated'' and ''uncompensated'' pinned moments. The ''uncompensated'' pinned moments are found to occur coincidentally with the established exchange bias in FM/ AFM bilayer [7] [8] [9] . In the present case, since the exchange bias was not observed in most of the FM=Mn bilayers (i.e., Mn thickness <12 ML) even though the perpendicular magnetization is well established, the ''uncompensated'' pinned Mn moments are expected to be absent or very tiny in the most ''thin'' Mn layers [13, 14] . On the other hand, although the remaining ''compensated'' pinned Mn moments cannot be directly sensed by the XMCD measurement due to the cancellation of net magnetization, the thermal stability of AFM ordering is expected to be enhanced while the thickness is increased, and the tendency can usually be described by the finite-size scaling phenomenological model [20] . Thus, once the AFM ordering of ''compensated'' pinned Mn moments becomes more ''robust'' because of increased thickness, a coupling could result in a raising of the thermal stability of the perpendicular crystalline anisotropy of the unpinned Mn moments, and lead to an enhancement of the magnitude of the perpendicular magnetization for the Fe layer.
In conclusion, we have reported a new feature of the AFM Mn layer with the unpinned moments that leads to establishment of perpendicular magnetization in the adjacent Fe layer. Our experimental result clearly indicates that the induced perpendicular magnetization of the Fe layer is directly correlated with the orbital moments of the Mn unpinned layer, rather than that of the Fe film itself. A combination of present and previous works [13, 14] suggests an interesting picture that although the established perpendicular magnetization of the Fe film is attributed to the unpinned moments of the Mn layer at Fe=Mn interface, the thermal stability is supported by the underlying ''compensated'' pinned moments of the Mn layer through the finite-size effect [20] . The effect demonstrated here shows an aspect other than the well-investigated phenomena of coercivity enhancement and exchange bias and renews our knowledge on the roles of the magnetic moments of the AFM layer in nanomagnetism. This will also open an avenue for fundamental understanding of antiferromagnetism in general and provide a firm basis for the future design of the perpendicular-based magnetic or spintronic nanodevices.
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